ABSTRACT: The numerical-analytic implementation of the operator version of the canonical Van Vleck second-order vibrational perturbation theory (CVPT2) is employed for a purely ab initio prediction and interpretation of the infrared (IR) and Raman anharmonic spectra of a medium-size molecule of the diketo tautomer of uracil (2,4(1H,3H)-pyrimidinedione), which has high biological importance as one of the four RNA nucleobases. A nonempirical, semidiagonal quartic potential energy surface (PES) expressed in normal coordinates was evaluated at the MP2/ccpVTZ level of theory. The quality of the PES was improved by replacing the harmonic frequencies with the "best" estimated CCSD(T)-based values taken from the literature. The theoretical method is enhanced by an accurate treatment of multiple Fermi and Darling−Dennison resonances with evaluation of the corresponding resonance constants W and K (CVPT2+WK method). A prediction of the anharmonic frequencies as well as IR and Raman intensities was used for a detailed interpretation of the experimental spectra of uracil. Very good agreement between predicted and observed vibrational frequencies has been achieved (RMSD ∼4.5 cm −1 ). The model employed gave a theoretically robust treatment of the multiple resonances in the 1680−1790 cm −1 region. Our new analysis gives the most reliable reassignments of IR and Raman spectra of uracil available to date.
INTRODUCTION
One of the major goals of quantum mechanics (QM) and computational chemistry is an accurate modeling of physicalchemical phenomena that take place, for instance, in vibrational molecular spectroscopy, the field of our major interest. This modeling assists in verifying the adequacy of the theoretical concepts and the approximations employed in solving applied chemical problems such as spectral identification of various forms of molecules. The progress of computational vibrational spectroscopy rests upon theoretical and practical advances in solving the QM electronic problem, yielding potential energy surfaces (PES) and other molecular property surfaces (MPS), as well as theoretical descriptions of nuclear motion. A burst of fine achievements in the field of theoretical molecular spectroscopy is taking place today, as high QM accuracy in evaluation of PES and MPS is being combined with variational methods for smaller molecules or with the power of vibrational perturbation theory applied to molecules of larger size. 1 The aim of the present study is 2-fold. First, we are making our target a state-of-the-art interpretation of the many published experimental vibrational spectra of uracil. We rely on purely ab initio methods without any fitting or scaling of data. Second, we want to demonstrate that an accurate implementation of the vibrational perturbation theory enables interpretation of most spectral features by direct comparison of peak positions and intensities in the infrared (IR) and Raman scattering (RS) spectra. Success of this approach may set a new standard in the theoretical modeling of spectra and avoid a number of well-known difficulties, such as synthesizing isotopically substituted molecules, analyzing isotopic shifts, choosing a nonredundant set of (locally) symmetrized internal coordinates, assembling reliable scale factors for the force field, and setting suitable empirical criteria for different types of Fermi resonances (FR) and Darling−Dennison resonances (DD). There is extensive literature illustrating the difficulties with the various procedures listed.
Due to high biological importance as one of the four RNA nucleobases, uracil ( Figure 1 ) has been extensively studied by various physical-chemical, nondestructive spectroscopic techniques for more than 50 years. 2−60 Because of its very low vapor pressure (75 mTorr at 210°C), 7 vibrational spectra and other molecular properties of uracil were mostly studied in various condensed states. Data for isolated molecules are relatively rare.
The diketo tautomer of uracil (2,4(1H,3H)-pyrimidinedione) is estimated to be ca. 10 kcal mol −1 lower in energy than the keto−enol and dienol tautomers according to the QM model MP2/6-311++G(d,p) 46 (see also ref 32) and has been observed as a single tautomer in the gas phase. A partial semiexperimental equilibrium structure (r e se ) was derived by Puzzarini et al. 55 from previously determined microwave (MW) ground state rotational constants for 10 isotopologues 23, 46 corrected for rotation−vibration effects with the use of the B3LYP/N07D cubic force field. This structure was reanalyzed by Csaśzaŕ et al. 60 with the application of the mixed regression method and with the use of the rovibrational corrections calculated from the B3LYP/6-311+G(3df,2pd) cubic force constants. The equilibrium structure of uracil was also determined by Vogt et al. 58 from the gas electron diffraction (GED) data corrected for harmonic and anharmonic vibrational effects with the use of the MP2(fc)/cc-pVTZ force field. It has been also shown 58, 60 that the semiexperimental structures r e se (GED) and r e se (MW) agree well both with each other and with the best ab initio one. This theoretical structure, r e (best), was computed at the level of the coupled cluster method with single and double excitations and a perturbative treatment of connected triples, CCSD(T)(fc) 55, 60 or CCSD-(T)(ae) 58 [fc and ae denote valence (frozen core) and all electron correlation]. The basis set was the correlationconsistent polarized weighted core valence triple-ζ basis set, cc-pwCVTZ, further extrapolated to the quadruple-ζ basis set, cc-pwCVQZ, at the level of the second-order Møller−Plesset perturbation theory, MP2(ae) 58 (see also refs 55 and 60 for an alternative extrapolation) with an inclusion of diffuse-function corrections (aug).
IR spectra of uracil have been measured in a solid state (polycrystalline) form [2] [3] [4] 31, 35 and in a gas phase (vapor). 5, 37 IR spectra have also been observed for material trapped in a lowtemperature matrix-isolated form, 10, 11, [16] [17] [18] 25, 26, 28, 30, 33, 39 cooled in a pulsed slit jet, 34 dispersed in jet-cooled helium nanodroplets, 47 and dissolved in solution. 13, 35, 42 RS spectra have been measured both in the solid state 3, 35 and in polycrystalline form. 4, 27, 31, 35 Resonance RS spectra were studied in solution, 20 as were normal RS spectra. 35 RS were also studied with matrix isolation. 16 A neutron inelastic scattering (NIS) spectrum of a polycrystalline sample of uracil was also obtained. 35, 36 Numerous studies were devoted to the calculation of normal modes of uracil using purely empirical or semiempirical QM harmonic force fields 4, 8, 12, 31 and scaled ab initio harmonic force fields (SQMFF). 9, 15, 21, 22, [29] [30] [31] 35, 36, [38] [39] [40] [41] 47, 51, 53, 56 Bandekar and Zundel 14 undertook a normal coordinate analysis on a unit cell of uracil. The problem of interpretation of spectra in the light of multiple Fermi resonances was first discussed in ref 24 and subsequently in refs 33, 52, and 54. More recently, anharmonic calculations of fundamental and multiquanta transitions of uracil were performed in a number of papers. 44 The most advanced analysis of vibrational spectra was carried out by Puzzarini et al. 54 by comparison of experimental frequencies with the theoretical counterparts computed with the use of the best estimated CCSD(T)-based harmonic force field (see the section "The Method of Calculation" below for details) in combination with the B3LYP (in conjunction with the aug-N07D and aug-cc-pVTZ basis sets) anharmonic force constants (hybrid model). 54 Although abundant literature on modeling and interpretation of spectral features of uracil exists, none of the recent anharmonic theoretical studies 44, 45, 48, 52, 54, 59 simultaneously analyzed available experimental IR and RS data, employed high-level theoretical methods [MP2 and CCSD(T)], used predicted IR and RS intensities for spectral interpretations, theoretically analyzed FR splittings and vibrational polyads, and employed systematic criteria for vibrational resonances. As recently noted by Katsyuba et al., 57 "there are still significant doubts on the interpretation of the IR spectrum of isolated uracil, the main problem being the large number of overtones and combination bands having intensities comparable to those of some fundamentals".
The most recent work by Fornaro et al. 59 is devoted to the study of a series of nucleobases and only a small discussion is devoted to uracil itself. Besides, both recent studies of essentially the same researchers' group 54, 59 use only a limited number of references as a source of experimental data, 10, 26 whereas the assignments vary among publications without a discussion. The most recent work 59 compared the performance of different density functional theory (DFT) approaches using as a criterion of success the mean absolute errors (MAE) between calculations and experiment. However, the experimental data for comparison were not always chosen from the best sources.
In the present study we employed our systematic implementation of the anharmonic vibrational canonical Van Vleck perturbation theory in an essentially analytic operator form, 61−67 as well as PES and MPS obtained by a purely ab initio method (MP2). This approach is enhanced by harmonic frequencies obtained at higher theoretical level. In addition, we used the most reliable sources of the experimental data accompanied by a detailed discussion of assignments. There are several important principles that we put forward and defend in our theoretical research that distinguish our work from competing approaches employed by other groups.
First, we use advanced theoretical models of molecular vibrations that directly describe experimentally observed phenomena, such as energy levels of anharmonic vibrational states, which can be measured with very high accuracy, as well as vibrational intensities in IR and RS spectra. For example, a commonly used double-harmonic approximation produces harmonic frequencies and intensities based on quadratic force fields and first derivatives of the electro-optical parameters (dipole moment and polarizability tensor components). The difference between observed frequencies and their harmonic counterparts can be so large (over 100 cm −1 ) that such predictions can be of little use for interpreting spectra. Empirical corrections of the data, such as scaling of the harmonic force fields, 68, 69 or direct scaling of harmonic frequencies 70−72 become unavoidable. Doing so introduces a substantial element of arbitrariness and requires a large amount of manual work and the application of expert knowledge.
Second, modeling of experimentally observed spectra also requires an accurate theoretical description of energies and The Journal of Physical Chemistry A Article intensities of nonfundamental transitions, such as overtones and combination bands that in some cases can be even more intense than fundamental bands. In addition, the frequencies of such bands are very sensitive to small structural variations and may represent a part of the so-called "fingerprint" of a molecule. It is well-known that the double-harmonic approximation is of little use for such bands. Another very important part of the nonfundamental vibrational phenomena is a Fermi resonance (and the higher-order resonance effects as well) and associated shifts of vibrational energy levels and redistribution of the intensities between "bright" and "dark" states. As it is very wellknown from the literature, Fermi (as well as Darling− Dennison) resonances play a major role in certain regions of uracil spectra. 24, 33, 52, 54 An efficient theoretical approach, suited to most of the targets outlined above, is based on a solution of the vibrational Schrodinger equation using perturbation theory. Because the "zero-order" harmonic problem (Wilson GF-method 73 ) is amenable to an analytic solution, it is very convenient to consider a solution of a vibrational problem with a harmonic potential amended by cubic and quartic anharmonic terms as a perturbation of the zero-order problem. Vibrational perturbation theory has been successfully developed since the early work of Nielsen and co-workers. 74−80 The outcome of this theory is a set of closed expressions for such quantities as anharmonic constants, zero-point vibrational energy (ZPVE), IR and RS activities of fundamental and nonfundamental transitions, and expressions for Fermi and Darling−Dennison resonance coupling constants. 74−107 We call it an analytic version of second-order perturbation theory (AVPT2). However, evaluation of precise values of spectroscopic characteristics requires an additional stage with an essentially numerical calculation, based on a matrix diagonalization.
Resonance phenomena introduce significant complications in the evaluation of the above quantities. A correct treatment of the problem requires building the reduced matrix representation of the Hamiltonian, comprising the most important resonance off-diagonal couplings. After a suitable set of zeroorder basis functions is chosen and the corresponding matrix elements are calculated, the Hamiltonian must be numerically diagonalized to obtain the final perturbed anharmonic frequencies and eigenvectors containing information about the resonance mixing of vibrational states. The values of the offdiagonal Hamiltonian terms can also be evaluated in a form of closed expressions, derived using the vibrational perturbation theory in analytic form. Although the expressions for the firstorder Fermi-resonance couplings (W-constants) are quite simple, 78 descriptions of the second-order couplings (Kconstants), which can be collectively called " Darling The traditional implementation of VPT2 in the form of closed expressions for different quantities (such as anharmonic constants, resonance constants, ZPVE, transition strengths etc.), collectively called AVPT2+WK, is fast and can be applied to rather large molecules. An alternative implementation of VPT2 in the form of CVPT2+WK is more precise and thorough in the treatment of Darling−Dennison resonances and the evaluation of infrared and Raman intensities. In addition, for smaller molecules CVPT can be seamlessly extended to fourth order. Because both implementations (AVPT2+WK and CVPT2+WK) represent essentially the same theoretical approach (VPT2), parallel implementation of them is a convenient mean of debugging of computer code. The size of the uracil molecule (12 atoms and 30 degrees of vibrational freedom) permits application of our major CVPT2+WK method.
THEORY
The universal method of solving of the vibrational Schrodinger equation (AVPT2+WK), usually referred to as simply "VPT2", is based on a set of closed expressions for evaluation of the anharmonic constants (x) as well as Fermi (W) and Darling− Dennison (K) resonance constants. 65,74−93,102−107 Such expressions can be obtained using customary Raleigh−Schrodinger perturbation theory (RSPT).
77, 106 As mentioned above, an alternative approach is based on an operator version of the canonical Van Vleck perturbation theory (CVPT), typically limited to the second order, and also requiring the variational stage (CVPT2+WK). [108] [109] [110] [111] [112] [113] 62 CVPT2+WK performs a series of canonical transformations for the explicit operator representation of the Hamiltonian, reducing to a quasi-diagonal form every time when the Schrodinger equation is solved. These operator transformations can be performed explicitly using the numerical-analytic technique. 62, 112 We consider the differences between these methods in detail below.
As usual, for the perturbative solution of the vibrational Schrodinger equation, we begin with the second-order vibrational Watson-type Hamiltonian, expressed in powers of the dimensionless rectilinear normal coordinates q r = Q r [4π Here, ϕ rst , etc. are force constants, the B e α are equilibrium rotational constants (both in cm −1 units), and the ζ rs α are dimensionless Coriolis vibration−rotation coupling constants.
In the framework of CVPT2 methodology, the Hamiltonian equation (2.1) is subjected to a series of canonical transformations that do not change the spectrum of the operator but do alter its eigenfunctions. 74−80,108−113 The aim is to make the transformed eigenfunctions coinciding with the zero-order harmonic oscillator basis functions which makes the integration of the final form of the transformed Hamiltonian with the zeroorder harmonic oscillator basis set a straightforward problem. The canonical transformations can be reduced to adding certain terms to the Hamiltonian arranged by the orders of perturbation theory, H = H 0 + H 1 + H 2 = ΣH K . Such terms generally look like sums of nested commutators of parts H K of the Hamiltonian with so-called S K -operators that can be chosen in such a way that unwanted off-diagonal terms in the Hamiltonian are canceled after the summation. 74−80,108−113 After summation of the zero-, first-, and second-order terms of the twice canonically transformed Hamiltonian, one obtains a familiar expression: 
The resulting expression is the familiar form of the Dunhamtype energy expression, also called the effective Hamiltonian:
An implementation of CVPT2+WK is certainly more computer intensive than working with AVPT2+WK, but CVPT2+WK has a number of advantages that outweigh the convenience of utilizing of analytic expressions derived once and forever. There are at least two major difficulties with AVPT2+WK. First, many cumbersome expressions are needed to cover all cases of Darling−Dennison resonance coupling coefficients and especially expressions for strengths of multiple types of transitions, including fundamental ones. Second, all these expressions must be cleaned of terms containing "resonance denominators" using certain resonance criteria. Doing so is not difficult for Fermi resonances but is much more complicated and insufficiently standardized for Darling− Dennison resonances. 65, 104, 107 In addition to the vibrational problem, thermodynamics requires a very accurate evaluation of the zero-point vibrational energy (ZPVE), and even the most recent publication on this subject contains an erroneous expression for ZPVE derived within AVPT2. 114 An implementation of CVPT2+WK is rather a matter of programming effort with fewer principal expressions of a simple nature, and it is easy to maintain consistency in the intermediate and final results. 62 In addition, CVPT2+WK can seamlessly be extended to higher orders (fourth, sixth, etc.). Although such higher-order calculations require a steep increase in the computational cost of generating necessary higher-order terms in PES and MPS, it is worth the effort when such precision is necessary. Indeed, it was shown that the difference Δν r (2−4) in fundamentals calculated by CVPT2+WK and CVPT4+WK can be on the order of 3−4 cm −1 . In formaldehyde, for instance, Δν 1 (4−2) equals 3.4 cm
, and in 1,1-difluoroethylene, Δν 1 (4−2) equals 3.7 cm
. Regretfully, the costs involved for CVPT4+WK are prohibitive for molecules of the size of uracil.
Probably the major advantage of CVPT2+WK is that it ensures a more systematic and accurate treatment of resonances at any order. It was shown 65 that in certain situations that are typical for molecules bigger than simple 3−4 atomics, AVPT2+WK cannot generally produce correct values for Darling−Dennison constants (K). First-and second-order resonances interfere in such a way that a correct removal of resonance terms in general resonance-free expressions "postfactum" cannot be done. In addition, CVPT2 produces an explicit form of the S K -operators so that any molecular property (such as a dipole moment vector or polarizability tensor components) that is expanded in a power series of normal coordinates can be also subjected to same canonical transformations for evaluation of the corresponding anharmonic properties.
A relative simplification in the implementation of CVPT2+WK is based on a transformation from the coordinate/momentum representation of the Hamiltonian eq 2.1 to an equivalent representation expressed in products of harmonic oscillator creation/annihilation operators a † , a (CAO):
The original Hamiltonian must be converted to the CAOrepresentation using the following definitions:
In addition, products of CAO should be reduced to a standard form using the normal ordering, 111, 112 
Here the summation on j is performed over all operator terms of the Hamiltonian with a scalar multiplier h j and the integers m jl , n jl are powers of the corresponding CAO products. All subsequent transformed forms and parts of the Hamiltonian along with the S K -operators and subsequently terms for the dipole moment and polarizability operators are kept in CAO representation preserving the normal ordering of elementary terms. The S K -operator that is needed for cancellation of the nonresonance off-diagonal terms after the final summations in eqs 2.3 or 2.4 can be obtained using the following expression,
Evaluation of the commutators [S K , H L ]can be made through reduction to the standard form with normal ordering using the following equality:
with subsequent collection of like operator terms in the resulting operator polynomials. These polynomials can reach a very large size, but it is not necessary to keep them entirely in a computer memory and they can be conveniently stored in binary files and treated sequentially.
The most important remaining part of the CVPT2+WK calculation is a treatment of the resonance terms that can be recognized by "abnormally large" values of a dimensionless quantity Ω k whereas the value of the denominator Δ k does not exceed a certain limit Δ † , 62−65
The crucial question is what terms can be called "abnormally large"? There are two ways to answer this difficult question because besides the simpler case of Fermi resonances 115, 65 there are also various cases of Darling−Dennison resonances that can severely affect vibrational intensities. 93 First, the strategy can be based on an evaluation of quantities of Ω k for well-studied cases, when repulsion of levels and redistribution of intensities is without doubt. Second, a systematic choice of resonance criteria is directly linked with the concept of vibrational polyad quantum numbers. 116−123,63−65 For a properly chosen set of resonance operators, the matrix of the canonically transformed quasi-diagonal Hamiltonian gains the block-diagonal structure. All basis functions for each block have an identical attribute: the polyad quantum number. The consequence is that resonance couplings are confined to blocks and no interblock couplings occur. It is convenient to analyze the connection between the manifold of resonances of a particular molecule and the structure of its vibrational polyads using the vector method introduced by Kellman. 116 In brief, the vector of integer coefficients defining the form of the polyad vector in the M-dimensional space of vibrational quantum numbers must be always orthogonal to vectors of integers representing vibrational resonances. 116, 64 Armed with Kellman's method and analyzing the form of the polyad vector of a number of organic molecules of relatively small size, we have found that the dimension of the space spanned onto the manifold of resonance vectors, systematically selected by CVPT2+WK, typically equals the overall dimension of the space (the number of normal coordinates) less one. 64 This nontrivial result means that the form of the polyad vector is typically uniquely defined. The resonance picture becomes more blurred with an increase of the molecular size, and eventually polyad structure breaks down. However, the criteria for selecting resonances for well-defined cases of polyad structures of smaller molecules can be applied to larger molecules. We refer the reader for a more detailed description of the underlying theory in ref 64 and literature cited therein.
The final essential part of the theory needed for making the description of CVPT2+WK complete for the purpose of the vibrational analysis of uracil is evaluation of the IR and RS intensities. Typically, the point is that any scalar molecular property that is expanded in a Taylor series at the point of equilibrium in powers of dimensionless normal coordinates and arranged in the orders of smallness in the same way as it is done for the Hamiltonian itself can be canonically transformed using the S K -operators obtained for the necessary reduction of the Hamiltonian. Because the resonance off-diagonal terms of the Hamiltonian are being canceled numerically at the final "-WK" stage, the eigenvectors of the numerical transformation hold the coefficients of mixing the molecular properties, partially transformed by the perturbation theory. This theory is wellestablished, and it can be applied to the evaluation of IR and RS intensities, once the molecular tensor properties such as dipole moment and polarizability are decomposed into scalar components and each component is treated independently. 93−101 For example, if the α-component of the effective dipole moment operator μ α = μ α (q), as a function of normal coordinates q i , is expanded in a power series where the square brackets denote the zeroth, first, and second orders of VPT2, then, performing the double contact transformation, one obtains the effective dipole moment operator in the form:
(2.12)
The following formula can be applied for calculation of the integral absorption coefficient of the electric dipole moment a ← b for the Boltzmann distribution of molecules at absolute temperature T: 13) where N A is the Avogadro number, k is the Boltzmann constant, v (ab) is the a ← b transition wavenumber, and Q is the vibrational partition function. In eq 2.13 the line strength S The effective dipole moment operator μ α = μ α (q) can be easily converted into a CAO representation, and further evaluation of the transformed effective dipole moment operator in eq 2.14 and line strength in eq 2.13 can be accomplished.
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Tensor components of the polarizability operator α ξζ (q); ξ, ζ = x, y, z can be subjected to a series of canonical transformations in the same way as it is done above with components of the dipole moment. 95, 125 The differential cross section (∂σ j /∂Ω) of RS is typically used as a quantity characterizing the intensity of the jth ban:
Here v 0 is the frequency of the excitation line, h, c, and k are universal constants, T is the absolute temperature, and Ω is the solid angle at which light is recorded. /sr = 10 −48 cm 6 /sr, which will further be abbreviated as RSU.
THE METHOD OF CALCULATION
We have chosen CVPT2+WK as the main method of our calculation of the anharmonic spectrum of uracil. The detailed methodology of CVPT2+WK has been previously described in several publications. 61−67 In this section, we describe a number of practical matters that are more specific for uracil because of its size and provide additional essential specifications.
All vibrational calculations were performed using an upgraded software package ANCO (acronym for analysis of normal coordinates). 61, 62, 64, 65 The current version of ANCO has a wide functionality that includes various force field transformations, the traditional AVPT2+WK implementation for calculation of anharmonic vibrational spectra (including IR and RS intensities) for molecules containing up to 40 atoms, and an efficient utilization of the numerical-analytic CVPT2+WK calculations for molecules containing up to 12 atoms. The unique implementation of optimized numericalanalytic algorithms for conversion of the original Hamiltonian to CAO representation, storage, and manipulations with operator CAO polynomials of very large size (containing up to hundreds of millions of individual operator terms), such as evaluation of commutators (single and nested), collection of like terms, integration, etc., enables performance of a single CVPT2+WK calculation for uracil on a desktop computer in about 3 h. The efficiency of the calculations rests upon an algorithm of encoding-decoding of a single arbitrary Hamiltonian (eq 2.7) and S-operator (eq 2.8) term of the kind kept as "long" (eight byte) integers, so that a comparison of operators for the most computationally intense stage of collection of like terms becomes an elementary operation of comparing two integers.
The Gaussian'09 program package (G09) 126 has been utilized for the geometry optimizations and evaluations of PES and MPS only and has been integrated with the ANCO package through the Gaussian input-output (including ASCII checkpoint) file-based interface. The Cartesian harmonic force constants (Hessian matrix), as well as values and first derivatives of the dipole moment and polarizability of uracil, were calculated by G09 at the point of equilibrium and at displaced configurations.
The optimized geometry of uracil in the form of G09 Zmatrix, the independent set of internal coordinates and the harmonic force field in both Cartesian and internal coordinates can be found in the Supporting Information. The numbering of atoms of uracil is presented in Figure 1 .
In the first stage, the MP2 method along with the Dunning correlation-consistent triple-ζ basis set (cc-pVTZ) has been employed for calculation of the harmonic force field and normal coordinates. Afterward, normal mode finite displacements in Cartesian coordinates were generated for calculation of the "semi-diagonal" quartic potential energy surface by a single-dimension numerical differentiation of Hessians (analytical second derivatives of the electronic energy in Cartesian coordinates), using the 9-point equidistant grid, and a 0.02 Å × (amu) 1/2 step size. Calculation of the cubic surfaces of the dipole moment and the quadratic surfaces of the polarizability tensor components were performed by the single and double differentiation of the analytic dipole moment first derivatives and the polarizability, respectively.
It was realized by a number of researchers some time ago that the major source of inaccuracy in anharmonic vibrational calculations is in inadequate harmonic frequencies. An efficient and economical solution of the problem is a combination of the highest accuracy of advanced QM models [such as CCSD(T)] for evaluation of the harmonic part of the PES only, and application of economical models (such as DFT or MP2) for calculation of higher derivatives. This concept has been widely used in various studies and is called a "hybrid" force field.
127,128
In our study of uracil we have utilized the hybrid PES by the replacement of the MP2/cc-pVTZ harmonic frequencies by the "best theoretical" values computed in ref 54 as follows:
Here ω(CBS) = ω(MP2(fc)/cc-pVQZ) − ω(MP2(fc)/ccpVTZ) is an extrapolation to the complete basis set (CBS) limit; ω(CV) = ω(MP2(ae)/cc-pCVTZ) − ω(MP2(fc)/ccpCVTZ) is a correction due to core−valence (CV) correlation;
is a correction for diffuse function effects. Higher-order electron-correlation energy contributions (Δω(T)) have been derived by comparing the harmonic frequencies at the MP2/ccpVTZ and CCSD(T)/cc-pVTZ levels. 54 An essential part of the CVPT2+WK calculations is a systematic choice of the resonance criteria for both Fermi and Darling−Dennison resonances (eq 2.10). According to our experience, a suitable threshold value of the "resonance index" Ω † is 0.05 (dimensionless), and a suitable threshold value of a "resonance denominator" Δ † is 300 cm
. Small variations of these empirical thresholds is not critical for the results. These resonance criteria can be adapted for use within the standard AVPT2+WK approach. We refer the reader to ref 65 for more details.
For a computationally convenient and accurate accounting of contributions of all Fermi and Darling−Dennison resonance operators to the Hamiltonian matrix elements related to pairs of basis functions, it is convenient to assemble all types of resonance operators together in a polynomial R. Then, any
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where an individual resonance operator is given by
Within our CVPT2+WK implementation, the operator polynomial R̂is generated automatically. For the comprehensive consideration of the CVPT2+WK procedure, it is necessary to understand how to choose optimally the basis sets for the matrix representation of the Hamiltonian at the variational "+WK" stage. In the framework of an automated procedure, one can include all states Ψ 0 (ν ̅ ) with total vibrational excitation limited to N max , which is defined as follows:
The quantum number for every degree of freedom can be chosen equal to two, three, or four, for example. In the case of the uracil molecule, the setting of N max = 4 would lead to an excessively large basis set, whereas the values of N max = 2 and 3 correspond to more realistic values of 495 and 5455 basis functions, respectively. Our experience shows that increasing the size of the basis set in the case of a rather large molecule, 
with a half-width w = 1 cm −1 and a grid step of 0.1 cm −1 was utilized.
RESULTS AND DISCUSSION
In our vibrational analysis, we are relying on and quoting a selected set of the most accurate experimental studies of vibrational IR and RS spectra, because a comprehensive analysis of all existing spectral studies on uracil is beyond the limitations of this publication. The studies on uracil vibrational spectra that we used as the main sources of experimental data include the following: Colarusso et al., 37 IR spectra in the gas phase; Aamouche et al., 35, 36 NIS, IR, and RS spectra in polycrystalline state and aqueous solutions; Ivanov et al., 33 Les et al., 30 Graindourze et al., 26 Maltese et al., 17 and Szczesniak et al., 10 IR spectra of uracil trapped in nitrogen, argon, krypton and neon matrices; and Barnes et al., 16 IR and RS spectra in argon and nitrogen matrices.
In our work, we are mainly focused on assignments of fundamental transitions to observed vibrational bands. In cases of Fermi resonance dyads or polyads, we also attempted to find experimental counterparts of all "bright" states. In some cases we tried to assign nonfundamental transitions that have sufficient intensity to be observable, even without intensity gains from fundamental states. Our interpretation of the term "assignment" focuses on vibrational quantum numbers rather than on linking vibrational modes to deformations of chemical moieties. Although the latter interpretation of a vibrational assignment is widely used for chemical purposes, the former definition is more strict and universal regardless of the size of a molecule. A good description of the normal modes of uracil can be found, for example, in ref 41 .
In subsections 4.1 and 4.2 below we consider the assignments of fundamental and a few nonfundamental transitions. The results of the vibrational assignments are summarized in Table 1. 4.1. Symmetry Block A′. Two fundamentals are responsible for N−H bond stretches and have frequencies above 3400 cm −1
. Colarusso et al. 37 measured these bands in the gas phase, ν 1 = 3484 cm −1 (s) and ν 2 = 3436 cm −1 (s). Choi and Miller 47 recently measured both frequencies and intensities of ν 1 and ν 2 in helium nanodroplets, obtaining values 3493.9 cm −1 (A = 117 km/mol) and 3443.9 cm −1 (A = 72 km/mol), respectively. Our calculation predicts the positions of these resonance-free bands and intensities at 3486.3 cm −1 (A = 105 km/mol) and 3435.2 cm −1 (A = 64 km/mol). Comparing the predicted frequencies with the gas-phase counterparts and the predicted intensities with the study of Choi and Miller, 47 we see that the uncertainties of our theoretical method for these fundamentals are on the order of ∼0.1% for frequencies and on the order of 10−15% for intensities, whereas the relative ratio of intensities is reproduced within 3%.
The C−H stretching fundamentals ν 3 and ν 4 participate in strong multiple Fermi resonances with the overtones ν 7 +ν 8 and ν 6 +ν 10 to form four bright states. The highest energy state (40% share of ν 3 ) with the theoretical value of 3133.6 cm −1 is observable both in the gas-phase IR spectrum, 37 3124 cm
(m), and in an argon matrix, 26 3130 cm −1 . The lowest energy state with the 43% share of ν 4 has a very small IR intensity but was observed in an RS spectrum at 3084 cm −1 (m), 16 although this peak was assigned to ν 3 . Two remaining states with notable RS intensities and predicted frequencies of 3101 and 3111 cm −1 were not observed experimentally.
The region of ∼1650−1800 cm −1 , containing the A′ fundamentals ν 5 and ν 6 is probably the most complicated one for the vibrational analysis as it contains a multitude of strong IR bands 10, 15, 16, 30, 33, 37 due to multiple resonances and intensity borrowing by "dark" states. An adequate theoretical description of this phenomenon requires a construction of an isolated block of the Hamiltonian matrix with inclusion of major relevant interacting states. After evaluation of necessary coupling coefficients, the block is diagonalized, producing perturbed eigenvalues and eigenvectors that define the intensity redistribution. Within our automated procedure, all one-and two-quanta zero-order states are included. An energy range of interest is selected, and states with significant IR and/or Raman intensities are subjected to manual study. As seen from the calculation, the fundamental states ν 5 , and ν 6 are mixed with the following 12 combination states: ν 9 +ν 21 , ν 10 +ν 21 23 .
For the fundamental ν 5 , the calculation predicts the state 1761.2 cm −1 with IR intensity 364 km/mol and RS intensity 2 RSU. The share of ν 5 in the state is 41%, and it is mixed predominantly with ν 12 +ν 18 and ν 10 +ν 21 . The corresponding observed 16 bands in an argon matrix are located in IR spectrum at 1764 cm −1 (vs) and in RS spectrum at 1762 cm −1 (m), correctly assigned to ν 5 by the authors of the experimental study. 16 The level of redistribution of the fundamental state ν 6 between dark states is more extensive. It occurs with similar shares in two states, 1729. , we choose the former one as the main state for ν 6 . This choice agrees with the assignment of Fornaro et al. 59 and corrects the assignment made in ref 56 . Table 2 provides an assignment of other strong bands in the region, corresponding to the combination states enlisted above.
For convenience, the results displayed in Table 2 are visualized in Figure 2 in the form of a simulated IR spectrum, taking band positions and intensities as input data and modeling peaks with a Lorentzian function as explained above in section 3. Comparison of the simulated spectrum with the experimental ones from refs 33 and 39 shows a reasonable level of agreement between them.
It should be noted that in the case of multiple resonances and close-lying bright and dark states the resulting spectral picture can be very sensitive to small variations of zero-order vibrational frequencies. This is why a very accurate evaluation of harmonic frequencies is important to the accurate modeling of anharmonic spectra. The commonly found very complex nonlinear picture of resonance couplings and shifts of states makes some primitive models unreliable for reproducing the spectra by merely adjusting harmonic force fields or scaling of frequencies for a reliable interpretation of experimental spectra.
The assignment of ν 7 is much easier because this state is predominantly (93%) composed of the zero-order state. The calculated frequency 1642.9 cm −1 agrees well with the observed band in the IR spectrum at 1643 cm −1 (m) and in the RS spectrum at 1647 cm −1 (s). 16 In this spectral region there is one more intense IR band in an argon matrix at 1517 cm −1 (A = 6 rel. units). 33 Our calculation explains it as the overtone 2ν 17 with frequency 1518.4 cm −1 and IR intensity 4 km/mol that is evidently gained from nearby bright states.
The next fundamental ν 8 can also be easily assigned because the energy level 1462.7 cm −1 has the major share of the zeroorder state (64%) and the major part of the IR intensity, 81.1 km/mol. Participation of other states is less than 10%. The corresponding bands observed in the gas-phase and argonmatrix IR spectra at 1461 cm −1 (s) 37 and 1472 cm −1 (ms), 16 respectively, were assigned to ν 8 .
16
The fundamentals ν 9 , ν 10 , and ν 13 can be reliably assigned because they are very intense in the IR region and weakly interacting with dark states (share >80% of the zero-order state). The corresponding predicted frequencies of 1394.1 cm −1 (37 km/mol), 1382.0 cm −1 (69 km/mol), and 1180.0 cm −1 (99 km/mol) agree well with the observed IR gas-phase bands 37 of 1400 (s), 1387 (s), and 1187 (s) cm −1 . In this frequency region, there is an additional IR band at 1304 cm −1 (w) 16 that can be attributed to the overtone 2ν 26 , because the theory predicts a peak 1290 cm −1 with IR intensity of 14 km/mol. The resonance-free fundamental ν 12 (1214.4 cm ) is quite weak in the IR spectrum but rather strong in the Raman spectrum (2 km/mol, 10 RSU). This band was not observed in the gas-phase IR spectrum, 37 whereas argon-matrix values 16 were measured at 1217 cm −1 (w, IR) and 1220 cm −1 (s, RS), respectively, and reproduce the theoretical approximate ratio between intensities. It should be noted that in matrix spectra site effects often produce bands that are close together, thus , whereas slightly different values were obtained in another study at 1357 and 1378 cm −1 .
11
A weak Fermi resonance with the overtone 2ν 19 takes place for the fundamental ν 14 , forming a predicted doublet 1060.8 cm −1 (76% ν 14 and 11% 2ν 19 ) and 1068.0 cm −1 (10% ν 14 and 81% 2ν 19 ). The doublet is not resolved in the gas phase and is observed as a single band at 1082 cm −1 (m), 37 but in an argonmatrix-isolated form it is observed as a pair of bands at 1066 cm −1 (w) and 1073 cm −1 (w) with equal intensities. 16 In a neon matrix 33 two equally intense bands were also observed at 1072.3 and 1064 cm −1
. Our prediction correctly reproduces the FR separation of 7 cm −1 between the members of the dyad. The band with the lower frequency of 1066 cm −1 should be accepted as the ν 14 fundamental, according to the predicted contributions of the zero-order states. Our choice differs slightly from the value of 1076 cm −1 for ν 14 designated by Fornaro et al. 59 In this frequency region, there is one rather strong band in an argon matrix at 1100 cm −1 (w) 16 or 1102.4 cm −1 (A = 5 relative units). 33 Our calculation explains this band as an overtone 2ν 27 (1098.3 cm −1 ) with unusually high IR intensity shared with a nearby state ν 25 +ν 28 . Barnes et al. 16 mistakenly explained this band as 2ν 18 , which has a very low predicted intensity of 0.1 km/mol.
The fundamental ν 15 with the predicted value of 979.9 cm ). Its IR intensity is 4.59 km/mol, whereas the RS activity is quite small. According to Ivanov et al., 33 in this region there are two peaks in an argon-matrix spectrum at 987.5 and 981.5 cm
, whereas in a neon-matrix spectrum only one peak was observed at 984.7 cm −1 . Barnes et al. 16 also observed only one weak peak in an argon matrix at 982 cm −1 (w), and the value was uncertain. Our theoretical calculation with the restriction of the maximum vibrational excitation to two quanta does not explain the reason for the appearance of the doublet. It can be due to participation of dark states with more quanta of excitation or a matrix site effect. We choose the neon-matrix value of Ivanov et al.; 33 it lies close to the argon-matrix value of Barnes et al. 16 The fundamental ν 16 is not perturbed by a Fermi resonance and is easily assignable. The predicted value of 947.5 cm −1 is in a good correspondence with both the gas-phase value of 952 cm −1 (w) 37 and the argon-matrix value of 958 cm −1 (w), in both IR and RS spectra. 16 The fundamental ν 17 is considerably perturbed by a Fermi resonance with a combination state 2ν 28 . The state with the main share of the fundamental ν 17 (751.8 cm −1 ) is much stronger in the RS spectrum than in the IR spectrum, its Raman activity is 11 RSU vs 1.3 km/mol in the IR spectrum. The ν 17 state is very close to the predicted frequency of an A″ fundamental ν 24 (756.1 cm
), which has a very strong IR intensity (A = 29 km/mol), thereby making the IR observation of ν 17 very difficult. However, the RS intensity of ν 24 is nil, so that the argon-matrix RS band 761 cm −1 (s) 16 undoubtedly corresponds to ν 17 . In the recent high-level theoretical anharmonic studies of uracil by Puzzarini et al. 54 and Fornaro et al., 59 the quoted experimental value of ν 17 was taken from IR matrix-isolation studies in refs 10 and 26, and the RS data were not considered. Because the bands for ν 17 and ν 24 lie very close to each other for the matrix-isolated form (757 and 759 cm −1 , lit. 26 ) and are observed as a single peak 757 cm −1 (w) in the gas phase, 37 for a more reliable assignment it is essential to compare intensities in both the IR and Raman spectra. The Fermi resonance partner of ν 17 is the combination state 2ν 28 , which is very strong (predicted intensity 42 km/mol) in the IR spectrum and is a resonance-free state. The only IR gas-phase peak in this range at 545 cm −1 (w) 37 must correspond to ν 27 . The IR argonmatrix-isolation study by Ivanov et al. 33 places the band 551.2 cm −1 as the most intense (A = 24 relative units) in this region, which strongly supports our assignment. The experimental study of Radchenko et al. 11 provided quantitative measures of intensity of the bands in this region, and it is clear that the band at 550 cm −1 is most intense. Barnes et al. 16 also assigned the band 551 cm −1 (m) to ν 27 . The most recent theoretical anharmonic study by Fornaro et al. 59 29 . The transition to this state is rather weak in the IR spectrum (2.1 km/mol) and in the RS spectrum (3.7 RSU). A close by state at 535.3 cm −1 has almost equal shares of ν 18 and ν 19 but is more intense in the IR spectrum (7.5 km/mol) and in the RS spectrum (6.3 RSU). Aamouche et al. 35 observed both bands in the RS spectrum at 538 and 528 cm −1 and just one band in the IR spectrum at 534 cm −1 . Therefore, we assign the RS bands at 538 and 528 cm 33 The ratios of predicted and observed intensities nearly coincide. There are two more observed weak IR peaks above ν 27 in an argon matrix at 555 (w) and 559 cm −1 (w), 16 which were also found in refs 30 and 33. They may appear as weak components of an FR triad mainly due to the combination state ν 28 +ν 29 . Our assignment is substantially different from the one made in refs 54 and 59.
The last two fundamentals of the A′ symmetry species, ν 20 and ν 21 , are resonance free and, according to the predictions (Table 2) , are intense in the IR spectrum. The predicted values of 510.8 and 385.6 cm −1 agree well with the gas-phase IR values 37 of 512 cm −1 (w) and 395 cm −1 (w), respectively, and the argon-matrix-isolated values 33 of 516.5 and 391 cm −1 (m), respectively. 16 4.2. Symmetry Block A″. In this symmetry block, all fundamentals, except for ν 26 , are resonance-free. The assignment of ν 27 has been already made above because of the A′ peaks that are close to overlapping it.
The Journal of Physical Chemistry A Article There was much controversy in the literature about the assignments of the close-lying bands for ν 15 , ν 16 , and ν 22 . 10, 16, 26, 54, 59 In the two most recent, high-level theoretical interpretations of the spectra for uracil, 54, 59 the assignments of all three fundamentals ν 15 , ν 16 , and ν 22 were reconsidered without a discussion. In early works, 10, 16 the bands at 846 cm
(in a nitrogen matrix 10 ) and 842 cm −1 (vw) (in an argon matrix 16 ) were assumed to be due to the ν 22 fundamental. However, according to theory, this band lies more than 100 cm −1 higher. The highest energy A″ fundamental band ν 22 (955.9 cm ). Thus, the band for ν 22 is probably overshadowed by ν 16 and was not observed as a separate band in the majority of the experimental studies. 11, 16, 26, 30, 33 Their RS intensities are approximately of the same order of magnitude (Table 2 ), but Barnes et al. 16 observed only one peak with the same frequency 958 cm −1 in both the RS and IR spectra. We believe that the RS band at 958 cm −1 can be assigned to ν 22 in agreement with the value used by Fornaro et al., 59 but further studies are needed to clarify this assignment. In the spectral region below, there is one IR band at 842 cm −1 (vw), previously assigned by Barnes et al. 16 ) is resonance free and has a strong predicted IR intensity of 51.6 km/mol and nil intensity in the RS spectra. The experimental counterpart is 802 cm −1 (w) in the gas phase and 804 cm −1 (s) in an argon matrix. 16, 26, 30, 33 The next fundamental, ν 24 , is also readily assignable, even though there is a close-lying band ν 17 of the A′ symmetry species, because they have the opposite ratio of intensities in IR and RS spectra. The predicted frequency of ν 24 is 756.1 cm −1 with a strong IR intensity (A = 29 km/mol) matches well with the observed gas-phase IR band at 757 cm −1 (w) 37 and the same value in an argon matrix at 757 cm −1 (s). 16, 33 The Raman intensity of ν 24 is nil, whereas ν 17 is very intense (see discussion above).
Although the fundamental ν 25 should be observable in both IR and RS spectra (Table 2) , the experimental evidence for it was found only in the IR spectra. The gas-phase IR band at 717 cm −1 (w) 37 and the close-lying argon-matrix values 11, 16, 26, 30, 33 evidently correspond to ν 25 . The Fermi resonance occurs in the region of the fundamental ν 26 . According to the prediction, this fundamental is heavily mixed with the combination state ν 20 +ν 30 , making a doublet of 648.4 and 651.4 cm −1 with strong IR intensities. Both of these transitions are observed experimentally as argon-matrix peaks at 659.5 and 657.3 cm −1 , 33 whereas in the gas phase only one peak at 660 cm −1 (w) was identified. 37 This example is a good illustration of the principal difference between a more traditional description of vibrational spectra in terms of normal modes with one-to-one correspondence between theoretical frequencies and observed bands and an anharmonic picture where a dyad or even a polyad of states can be equally characterized as "fundamental" bands.
There are only close-lying pairs of peaks at 682 and 685 cm −1 in an argon matrix 10 and at 682 and 686 cm −1 in a nitrogen matrix, 16 which are also observed in the gas phase as 692 cm −1 (w). Puzzarini et al. 54 and earlier Ten et al. 52 explained these peaks as combination bands ν 19 +ν 30 . Both combination bands are also coupled through an 11−11 Darling−Dennison resonance that ensures some mixing and repulsion of states.
Although the assignment for ν 27 was discussed above, ν 28 is observed both in the gas-phase and an argon-matrix spectra as the peak at 374 cm −1 (w), 37 which correlates well with the prediction that this band should be intense in the IR spectrum. The assignment of the two remaining states ν 29 and ν 30 are somewhat speculative because they have low intensity and are out of range of most experimental studies. There are essentially two studies that reported transitions suited to ν 29 and ν 30 in energy. Fujii et al. 19 studied electronic fluorescence spectra of uracil in a supersonic jet and assigned frequencies at 205 and 149 cm −1 to ν 29 and ν 30 , respectively. Aamouche et al. 35, 36 studied neutron inelastic scattering (NIS) and low-frequency RS spectra of polycrystalline samples of uracil and measured energy levels at 216, 201, 166, 130, and 93 cm −1 (NIS) and 132, 100, and 75 cm −1 (RS at T = 15 K). These multiple peaks can correspond to solid state vibrations of the unit cell. The calculation predicts the harmonic frequency values of ω 29 = 159 cm −1 and ω 30 = 140 cm −1 with very small anharmonic shifts. It is not possible to make a definitive assignment of ν 29 and ν 30 based on available theoretical data, and we accept the assignment made by Fujii et al. 19 
CONCLUSIONS
In this work, we have performed a thorough analysis of the abundant experimental data on infrared (IR) and Raman scattering (RS) vibrational spectra of uracil taken from the literature with a state-of-the-art modeling of anharmonic vibrations of this semirigid molecule. We used the numericalanalytic implementation of the second-order canonical Van Vleck perturbation theory (CVPT2) followed by numerical diagonalization of the Hamiltonian matrix containing Fermi (W) and Darling−Dennison (K) resonance coupling coefficients, collectively called CVPT2+WK. Our ab initio calculation is based on a hybrid potential energy and electrooptical (dipole moment and polarizability) molecular properties surfaces (PES and MPS), represented in the form of Taylor series expansions about the point of equilibrium. Both PES and MPS were calculated using the MP2/cc-pVTZ model for all the properties except for the "best estimated" (CCSD(T)-based) harmonic frequencies, taken from the recent paper of Puzzarini and Barone. 54 A careful analysis of experimental data and the advanced theoretical calculation improved the average deviation between the predicted and observed fundamental frequencies from 8.4 cm −1 (Fornaro et al. 59 ) to 4.5 cm −1 in this work. Reproduction of observed vibrational frequencies is only part of the outcome expected from a good theoretical model of anharmonic vibrations. It is also necessary to predict relative intensities and separations in Fermi dyads and polyads, as well as IR/RS relative intensities for one-quanta and multiquanta transitions. CVPT2+WK is able to model properly multiple resonances and evaluate the IR/RS intensities while taking into account the redistribution of intensities between states in resonance. For the present, the traditional approach (AVPT2+WK) will remain The Journal of Physical Chemistry A Article as a more economical alternative to CVPT2+WK for many applications.
Choi and Miller 47 experimentally measured the absolute IR intensities of ν 1 and ν 2 in helium nanodroplets. We have shown that the accuracy of our theoretical method for these fundamentals is on the order of ∼0.1% for frequencies and on the order of 10−15% for intensities, and the relative ratio of intensities is reproduced with the accuracy of <3%. The quality achieved in reproducing both anharmonic frequencies and IR/ RS intensities helps to estimate the expected level of correspondence between the theory and experiment in similar circumstances.
Surprisingly, application of CVPT2 to a semirigid molecule can be performed in a much more automated manner than a traditional harmonic calculation with scaling of the force field in internal coordinate space. With CVPT2, normal modes can be evaluated entirely in Cartesian coordinates and manual assembling of sets of redundant or nonredundant internal coordinates is no longer necessary.
One might argue that wide application of the advanced CVPT2+WK algorithm (in comparison with the traditional one, AVPT2+WK) is hindered by its algorithmically rather intense nature. In fact, we are not aware of any flawless implementation of AVPT2+WK, for the reasons explained above in the body of the article and in our previous publications. Besides, electronic QM calculations that are a lot more sophisticated than CVPT2+WK are widespread, are implemented in dozens of software packages, and are used by many groups of researchers. In our opinion, in the case of vibrational studies of molecules up to the size of uracil and when the reliability and precision of calculations matters, CVPT2+WK is superior to the traditional AVPT2+WK. However, for larger molecules AVPT2+WK is an evident leader whereas its implementations can be tested on smaller molecules with the aid of CVPT2+WK.
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